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The introduction of the patch-clamp technique by Neher and
Sackmann [1, 2] has led to the successful exploration of potassium
(K) channels in the kidney, allowing the definition of their
properties, localization along the nephron and their regulation
[3—61. Such information has been useful in understanding not only
important aspects of K transport in the kidney, but also has
provided new insights into the mechanisms by which ion and fluid
homeostasis of tubule cells is achieved [5].
In this brief overview, the principles of the patch-clamp tech-
nique are described, attention drawn to the role of K channels in
various tubule functions, and the sites and properties of specific K
channels along the nephron defined to highlight key aspects of
their physiological regulation.
The patch-clamp method
A general problem of measuring the minute currents flowing
through single ion channels is the presence of background elec-
trical noise which increases with membrane area [7]. The technical
breakthrough achieved by Neher and Sackmann consisted of
reducing the membrane area and isolating a minute membrane
patch where the level of electrical background noise was suffi-
ciently reduced to allow measurements of current flow through
single ion channels.
Figure 1 summarizes the essentials of single channel analysis
[8]. A specially polished glass microelectrode is brought to the cell
membrane under microscopic vision, and a membrane patch is
isolated by gentle pressure against the cell surface and application
of suction. An important feature is the formation of a high-
resistance seal between the inside of the pipette and the small
membrane patch. Once it has been electrically isolated, known
voltages can be applied across the membrane patch. As shown in
the lower section of Figure 1, single channel openings can then be
detected in such cell-attached patches by the appearance of
step-like current fluctuations. The magnitude of such single
channel currents depends on the conductance of the channel, its
ion selectivity and the electrochemical potential gradient. As
shown in the upper righthand panel of Figure 1, membrane
patches can also be excised (an inside-out patch is shown in Fig.
1) and channel properties explored in vitro. The advantage of this
approach is the ability to change the composition of solutions on
both sides of the membrane patch. This method complements
studies on cell-attached patches in which the presence of the
cytosol more closely preserves physiological conditions.
Several renal preparations including isolated tubules, single
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cells, and cell culture lines have been used for patch clamp studies
[6]. Two preparations of isolated tubules have been commonly
employed. Access to the apical surface of isolated tubules may be
achieved by longitudinal splitting of the tubule [9—11]; gentle
treatment with collagenase allows access to the basolateral mem-
brane. Another approach utilizes a modification of the classical in
vitro method of perfusion of isolated tubules [12, 13], but with one
end of the tubule left unattached. The patch pipette can then be
inserted axially within the tubule lumen and brought to the apical
surface.
Patch clamp analysis has also been pursued in isolated cells and
cell cultures. Each preparation has to be carefully evaluated. It is
noteworthy that patch clamp studies of cell cultures have resulted
in the identification and characterization of several channels that
have so far not been observed in intact tubules. For instance, the
presence of cation channels with poor discrimination between K
and Na is relatively frequent in cell cultures and isolated tubule
cells but has only rarely been observed in membranes of cells in
renal tubules. The presence of relatively large-conductance K chan-
nels in the apical membrane of cultured cells is also more frequent
than ui the same cells when they are studied in intact tubules.
Information that can be obtained from single channel analysis
Single channel proteins
The patch-clamp technique can offer insights into the molecular
structures that provide the ion conductances of cell membranes.
Thus, the properties of single channel proteins can now be defined
in terms of channel conductance, ion-selectivity, the time channels
spend in either open or closed states, and their dependence on the
membrane voltage. The density of channels per unit surface area
and classification by their susceptibility to specific blocking agents
can also be determined (Table 1). Patch-clamp studies on renal
cell membranes have also led to the definition of a large number
of factors that modulate the activity of K channels. These are
listed in the right panel of Table 1. It is noteworthy that
modulation of channel activity is uniformly achieved by changes in
the number of active channels (channel recruitment) or by
modification of the duration and/or frequency of channel open-
ings but not, in preparations so far studied, by changing single
channel conductance.
Function of renal K channels
Table 2 lists four functions of K channels.
(1) Maintenance of negative potential of tubule cells. The explo-
ration of specific ion currents by monitoring cell potentials with
microelectrodes at different extracellular concentration of K has
firmly supported the view that the cell-negative electrical potential
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A. Biophysics of channel B. Modulation of channel
Conductance Calcium
Selectivity Magnesium
Open time, closed time pH
Gating properties ATPIADP
Voltage dependence G-Proteins
Channel density Protein kinase A, C
Channel block Calmodulin
Stretch
Cytoskeleton
Cyclic AMP
Cyclic GMP
Table 2. Function of renal potassium channels
volume-regulatory decrease (VRD) involves a sharp increase of
several ion conductances, in particular those of K and Cl [17].
Studies of renal tubules have shown that several K (and anion)
channels are activated upon membrane stretch or cell swelling
[18—22], leading to K ion loss along a favorable electrochemical
gradient and restoring cell volume towards its normal set point.
Two types of K channel activation have been shown to mediate
this stretch-induced K loss from proximal tubule cells. Figure 3
summarizes data obtained from amphibian proximal tubule cells
[19—21], but similar mechanisms are likely to be involved in
mammalian VRD as well. Cell swelling enhances K loss by two
mechanisms: (1) stimulation of a stretch-activated cation channel
(shown on the left) enhances calcium entry and elicits secondary
stimulation of Ca-activated K channels in the apical membrane.
(2) A second mechanism (shown on the right) enhances K channel
activity directly and does not depend on changes in Ca concen-
tration in the cytosol. Stretch-activated channels are found not
only in proximal tubule cells but have also been identified in the
apical membrane of the tubule cells lining the thick ascending
limb (TAL) [23] as well as in principal and intercalated cells of the
cortical collecting tubule [24, 25].
(3) Recycling of K across apical and basolateral cell membranes to
supply K to the Na-2C1-K cotransporter and Na,K-ATPase. An
example of the role of K channels in local recycling is shown in
Figure 4. This model of the TAL cell includes several K channels
that have been identified at this site [10, 12, 23, 26] and it
demonstrates a channel-dependent, regulated supply of K to the
electroneutral apical Na-K-2C1 cotransporter in the apical mem-
brane [27]. Apical sodium absorption is achieved by cotransport of
K with Na and Cl. Inasmuch as the concentration of K in the
lumen is much lower than that of Na and Cl, continued net
transport of NaCI depends critically upon the re-entry of K into
the lumen after it has been taken up into the cell by cotransport
with Na and Cl. The fact that apical recycling of K plays an
important role in mediating NaC1 absorption can be demon-
strated by blocking apical K channels: perfusion of the lumen with
K channel inhibitors such as barium leads to prompt inhibition of
Table 1. Single channel properties
1. Maintenance of negative potential of tubule cells
2. Regulation of volume of tubule cells (VRD)
3. Recycling across apical and basolateral cell membranes to supply
potassium to Na-2Cl-K cotransport and Na,K-ATPase
4. Potassium secretion in initial and cortical collecting tubule
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Fig. 1. Schematic presentation of patch-clamp technique. (From [5]).
depends on K conductances in the cell membrane. Figure 2
summarizes the main factors that generate the cell negative
potential. Ultimately, the high cell K concentration depends on
the basolateral Na-K-ATPase that extrudes cell sodium in ex-
change for extracellular K. Not only is pump turnover responsible
for the high cell K concentrations, but the electrogenic character
of the Na-K-ATPase process also contributes directly to the cell
negativity [5, 14]. However, the largest part of the cell potential
depends on the potassium diffusion potential across the basolat-
eral membrane. A special class of ATP-sensitive K channels has
been identified in proximal tubule cells and has been shown to
generate the K diffusion potential responsible for the cell nega-
tivity [15, 16; also see the article by Welling, this issue).
Figure 2 includes several classes of transporters that are
distributed in the apical membrane of tubule cells. To the extent
that the transporter-substrate complexes are electrically charged,
their translocation from lumen to cell is partially regulated by the
cell-negative membrane potential across the apical membrane.
Thus, by generating the cell negativity, basolateral potassium
channels participate in the transfer of energy generated by the
basolateral Na-K pump to the apical membrane as the transmem-
brane electrical potential gradient affects transport of charged
ions (such as Na) or carriers (such as Na-glucose cotransport, etc.)
(2) Regulation of volume of renal tubule cells (regulatory volume
decrease, VRD). Renal tubule cells share with many body cells the
property of reducing their volume following cell swelling. This
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Cotransport
(K, C1, PO Glucose
Countertransport(Cat H)
Fig. 2. Cell schema of renal tubule cell with
basolateral Na-K pump (right) and potassium
channel, and several apical transporters (left)
including electrogenic and electroneutral
mechanfcms.
Hypothesis for role of SA channels
net Na transport [271. As in the proximal tubule, K channels also
play an important role in generating the cell-negative potential
which is one of the main driving forces for basolateral chloride
extrusion [28].
Recycling of K is also involved in its continued supply of K to
the Na-K-ATPase in the basolateral membrane of tubule cells.
This recycling mechanism provides K to the extracellular fluid in
basolateral, particularly intercellular fluid compartments, and
thus safeguards continued turnover of the Na-K-ATPase during
Fig. 3. Summaiy of mechanisms of activation of
stretch-activated (SA) channels by stretch or
hypotonic cell swelling (from Sackin, personal
communication). Apical SA-cation: stretch-
activated cation channel in the apical
membrane. Basolateral SAK: basolateral
stretch-activated K channel, (Modified from
[45]).
fluctuation of K in the extracellular fluid outside the relatively
"unstirred" lateral fluid compartments [29].
(4) Potassium secretion in the initial and cortical collecting tubule.
K channels play a key role in secretion of K in the distal nephron
[5]. Electrophysiological studies and analysis of macroscopic
currents have defined significant pathways for passive movement
of K across both the apical and basolateral cell membrane [13,
30—33], and application of patch-clamp techniques has led to the
identification of several distinct K channels. Single channel anal-
2 K
tasis
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Fig. 4. Schema of cell of the thick ascending limb of Henle. Nat, 2C1, K
cotransport and two K channels are shown in the luminal membrane
(left). The Na-K-ATPase and receptor-mediated (vasopressin) stimulation
of adenylate cyclase (AC) by G proteins (GS) leading to cyclic AMP
activation of protein kinase A (pKA) are also shown. (Modified from
[46]).
ysis has led to the identification of at least four different K
channels in principal cells [11, 13, 34—37], and there is now strong
evidence that both apical and basolateral K channels play an
important role in K secretion [5].
Figure 5 depicts the two-step process of K secretion in collect-
ing duct cells: (1) basolateral active K uptake (electrogenic Na-K
exchange) and either passive K recycling or passive entry into the
cells, and (2) apical diffusion of K along a favorable electrochem-
ical gradient [5, 30—33]. The latter is determined, in part, by the
electrical potential across the apical membrane that depends on
the activity of both K and Na channels. The properties and
the regulation of the apical secretory K channel (see article by
Wang, this issue) and of the basolateral K channels (see article by
Hirsh and Schlatter, this issue) are discussed in this issue. It
should be noted that an increase in K channel activity alone is
rather ineffective in increasing K secretion across the apical
membrane because the increase in K conductance in the apical
cell membrane alone would drive the transmembrane electrical
potential closer to the K equilibrium potential. This would make
the cell interior more negative and thus reduce the driving force
for K diffusion from cell to the lumen. It is only by the coordinated
increase of the activity of both apical K and Na channels
(aldosterone) that K secretion is optimally stimulated because
such conductance changes allow maintenance of apical depolar-
ization despite the increase in K conductance [38, 39].
Renal K channels and their distribution along the nephron
Several K channels have been identified in the apical and
basolateral membrane of tubule cells [3, 37]. More is known about
apical K channels because of the technical difficulty of removing
the basement membrane from the basolateral membrane of the
Reversal of K
Electrochemical
Gradient
Fig. 5. Schema of cortical collecting duct cell. The diagram illustrates the
key sites of K transport. Depending on the magnitude of the potential
difference across the basolateral cell membrane, K ions may either leave
the cell and recycle (top), or be taken up into the cell in parallel with
pump-mediated K uptake (bottom) (modified from [44]).
Maxi K channels
• Single channel conductance: <100 pS
• Open probability (P0): low
• High K/Na
• Low GRh
• Activated:
voltage (depolarization)+Ca
• Inhibited:
Ba
TEA
Chaiybdotoxin
Physiological role:
• Volume regulatory decrease (Ca)
• Stabilization of apical membrane potential
cell. Nevertheless, progress has been made in the study of
basolateral K channels, including the recording of single K
channel activity in the basolateral membrane of the perfused
mammalian proximal tubule in vitro [40]. An important feature of
several renal K channels is their activation by low ATP concen-
trations and their inhibition by high ATP levels [41, 42].
Tables 3 to 5 summarize the general properties of renal K
channels. Two classes of K channels have been identified in the
apical cell membrane: large-conductance, maxi-K channels and
low-intermediate-conductance K channels; K channels with more
widely differing single channel conductances have been found in
Na
K
2 Cl-
Na
3 Na
3 Na
K
TAL
3 Na
Table 3. APICAL membrane potassium channels
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Table 4. Apical membrane potassium channel
Low-conductance K channels
• Single channel conductance: —30 pS
• Open probability (P,,): high
• High GRh
• Activated:
pH increase
PKA + low ATP]
• Inhibited:
pH decrease
PKC
Cytochalasin
Arachidonic acid
• Insensitive to:
Voltage
Ca
Physiological role:
Potassium recycling
Potassium secretion
Table 5. Basolateral membrane potassium channels
• Single channel conductance: 30—90 pS
• Open probability: variable
• High Na
• Activated:
Hyperpolarization
cGMP-dependent kinase
• Inhibited:
Ba2
Decrease of pH
TEA
Quinidine
Ca2
• Physiological role
Basolateral membrane potential
K recycling
Pump-leak coupling
K secretion
the basolateral membrane. Although the precise physiological
role has not yet been determined for each identified channel,
considerable progress has been made. Several contributions in
this issue provide new information concerning the effects on K
channels of a wide variety of experimental maneuvers, including
the effects of altered K balance, hormones and cell messengers,
transport inhibitors, changes in channel phosphorylation and
coordinated adjustments of K channel activity to altered basolat-
eral Na-K pump activity.
Future research
Three areas can be identified in which significant progress is to
be anticipated. First, more information is likely to emerge from
the continued study of apical and basolateral membranes of
tubule cells along the nephron. Identification and characterization
of K channels, in terms of their apical and basolateral localization,
single channel conductance, ion selectivity, sensitivity to mem-
brane potential, changes in pH, Ca, Mg, cell messengers such as
ATP, ADP, protein kinase A and C, and arachidonic acid will be
useful and aid in evaluating the site and physiological significance
of the increasing family of cloned renal K channels (see article by
Hebert, this issue).
Second, it is likely that more information will become available
on the role and involvement of several K channels in physiological
and pathophysiological conditions of altered K metabolism. Such
information will provide better understanding of how K channel
activity is modified and what mechanisms bring about their
modulation. Of particular interest is the elucidation of the com-
plex and coordinated interaction between apical and basolateral K
and Na transport and the modulation of K channels by changes in
net transport of these ions.
Finally, the recent cloning of several renal K channels [43] (see
article by Hebert, this issue) represents a significant achievement
and provides the foundation for future studies along several lines.
These include the molecular identification and localization by
antibodies of specific K channels along the nephron and, in
particular, the molecular structure-function relationships of cloned
K channels. It should also be possible to study the molecular
requirements for specific targeting of K channels to the apical and
basolateral membrane, and to deepen our insights into the
structural requirements of K channel proteins to respond to the
numerous identified maneuvers that alter their activity. The field
of K channel exploration is an excellent example of the progress
that has been made in the physiology of membrane transport with
powerful methods that yield new insights into the structural and
functional properties of transport molecules.
Reprint requests to Gerhard Giebisch, M.D., Department of Cellular and
Molecular Physiology, Yale University School of Medicine, 333 Cedar Street,
New Haven, Connecticut 06520-8026, USA.
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